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FLIGHT~S OFTHEEFFECTSOF SURFACECONpITION

ONTHESUPERSONICIJRAGOFFIN-STABIUZED

PARABOLIC

ByH.

.
E!ODIESOFREVOLUTION

HerbertJackson

.

Rocket-poweredmodelshavebeenflighttestedat supersonicspeeds
to determinesomeeffectsof surfaceconditiononthezero-liftdragof
fin-stabilizedparabolicbodiesofrevolution.Twoconfigurationswere
utilizedinthetests,a half-scalemodeloftheNACAresearchmodel
designatedtheIU4-10(finenessratio12.2)anda parabolicbodyof
revolutionhavinga finenessratioof8.91.

Threetypesof surfaceroughnessweretested:(a)protuberances
intheformof @-meshsandat saturationdensi@,(b)depressionsas
foundinanaluminumcastingthathasbeenpartlygroundbuthasnot
beenmachinedcompletelysmooth,thesurfacebeingpittedbelowthe
levelatwhichgrindingstopped,and(c)
rangeof thetestswasapproximately0.8
number,basedonbodylength,coveredby
to75 X 106.

waviness.TheMachnumber
to2.2. TherangesofReynolds
thetestswerefrqm15 x 106

Whilethebodycoveredwiththe60-meshsandshoweda 20-percent
increaseintotaldragoverthatofthesmoothbodies,theother_Q-pes
ofroughnesstestedshowednoappreciableeffectontotaldrag.

.

INTROIXJCTION

AspartofanNACAprogramof supersonicresearch,theLangley
PilotlessAircraftResesrchDivisionhasmadea seriesofflighttests
at itsPilotlessAircraftResearchStation,WallopsIsland,Vs.,to
investigatetheeffectsof differenttypesof surfaceroughnessonthe
supersonicdragoffin-stabilizedpsrabolic-arcbodiesofrevolution.
It isofparticularinteresttodeterminetheeffectsof differenttypes
anddegreesofroughnessbecauseoftheimportanceof surfacedragto
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thespeedandrange.attainableby supersonic
importantin connectionwithmassproduction

NACARML5m26

missiles.~so, itis
ofmissilestoknowwhat

roughnesscanbe toleratedwithoutsevereaerodynamicpenalties.

Reportedhereinarezero-lifttotal-dragdataforsixmodels,four
ofa configurationhavinga finenessratioofI-2.2(NACARM-10)andtwo
ofanotherconfigurationhatinga finenessratioof8.91. Base-drag
andside-pressuredatawerealsoobtainedontwoofthemodelsoffine-
nessratio12.2.Alsoincludedaredragdafafromreferences1 and2
onbodiesofrevolutionwhichwereofthesameconfigurationasthe “
botiesoffinenessratio12.2and8.91,respectively,exceptthatthe
modelsurfacesweresmoothandfair.

TheMachnumberrangeofthedatapresentedisfromapproximately
0.95’to2.0forthemodelsoffinenessratio12,2andfrom0.82to2.2
forthemodelsoffinenessratio8.91.TheReynoldsnumberrangeswere

from20x 106to 75x 106forthe12.2finenessratioand15x 106to

63x 106forthe8.91finenessratio.TheseReynoldsnumbersarebased
onbodylength.

sYMBoLs

c%
c%

CP8

R

M

%

P8

total-dragcoefficientbasedonmaximum
areaofthebody

cross-sectional

base-dragcoefficientbasedonmaximumcross-sectionsil

sreaofbody(pb;pg@

coefficientof sidepressurerelatedto free-stieamcon-

()Ps - Poditions
qo

Reynoldsnumberbasedonbodylength

Machnumber
.

basepressuremeasuredonannulusbetweenrocketnozzle
andmodelshellonbodiesoffinenessratioI-2.2

sidepressuremeasuredat ~ = 0.907’5745°betweenfins

onbodiesoffinenessratio12.2

.
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Po free-streamstaticpressure

% free-stresmdynamicpressure

Sf maximumcross-sectionalareaofbody,0.196square’foot
forbodyoffinenessratio12.2and0.307sqtiefoot
forbodyoffinenessratio8.91.

‘b baseareaofbody,0.0722squarefootforbodyoffineness
t ratio12.2

lx axialUstancefromnose(stationO)

1 bodylength,6.1feetforbodyof finenessratio12.2and
5.57feetforbodyoffinenessratio8.91

Y bodyradius

MODEISANDTESTS

Thegeneralarrangementofthetestconfigurationsandthebody
equationsaregiveninfigure1. Photographsofthebodiesofboth
finenessratios12.2and8.91areshownin figure2. Bothconfigurations
hadparabolic-arcprofiles,thebodyoffinenessratio12.2being
describedby oneequation,whereasthebodyoffinenessratio8.91was
describedbytwoequationswithvertexeslocatedatthemaximuqbody
radius.

Threedistincttypesofroughnessweretested:(a)protuberances
intheformof ~-meshsand,(b)depressionsasfoundinpartiallyground
castaluminum,and(c)waviness.Theywerecomparedwithbodieshaving
smoothandfairsurfaces.

Allb&Ues of finenessratio12.2exceptthewavysurfacebody
wereconstructedofmahoganyandcastmagnesiumalloy.Themahogany
extendedovertheforward84.6percentofthebodylength.Themodel
havingthewavysurfacewasconstructedof spunmagnesiumalloywitha
tailsectionofcastmagnesiumalloy.Thebodiesoffinenessratio
8.91wereconstructedentirelyofmahoganyexceptfordursltailfins.

Thesurfaceroughness,forthosemodelsonwhichit.waspossible,
wasmeasuredby usinga Brushsurfaceanalyzerwitha stylushavinga
tipradiusof0.0005inch.Thesemeasurementsindicatedthattherefer-
ence12.2finenessratiobodies(smooth,highlypolishedmagnesiballoy)
andthe8.91and12.2finenessratioPhenoplastmahoganysurfaceshada
maximumroughness(peaktovalley)of50microinches(5ox 1o-6inches)

—.. . . . . . .. ..— -— — —— -—— -—-——— - —
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withanaveragevalueof approximately25microinches.Theapproximate
root-mean-squarevalueforthisroughnessis8.2 microinches.This
valuewasdeterminedby usinga methodrecommendedby themanufacturer
oftheBrushsurfaceanalyzer.Thisdegreeofroughnessiscomparable
withthatof a polishedfine-groundsurface.Phenoplast,whichisa
phenolic-resinheat-resistantlacquer,wasusedon thetestmodels
becauseofitsabili~towithstandinstantaneousheatingin a bismuth-
tinbathat500°F withoutanynoticeablechangeinsurfacecondition.
This500°F is somewhathigherthantheadiabaticwalltemperatures
attainedby thetestmodelsinflight.

The60-meshsandwasheldto a mahogawsurfacebyPhenoplastand
coveredtheforward84.6~ercentofa 12.2finenessratiobodyata
saturationdensity(sandgranuletouchingsandgranule).Theratioof

sand-graindismetertototalbodylen@hwasabout13 x 10-4(average
graindiameterbeing0.0098inch).A photographshowinga magnified
viewofthistypeof surfaceisshowninfigure3(a).

Thedepressionswereformedlysprayinga 0.011-to 0.013-inch
thicknessofmoltenalumimmontoa mahoganysurface.Thisap@ication
gavethesurfacea coarsesandpapereffectwhichwasthensandeddown
sothatonlypitsandflatsremained,thesurfacebetweenthedepressions
beingsmoothandfreefrom.waves.Thedepressionsorpitsvariedin
depthwitha maximumdepthof0.0020inch(asmeasuredby a Brushsurface
analyzer)andcoveredappro~tely b percentofthesprayedaluminum
surface.Theaveragedistancebetweenthedepressionswasl/32ofan
inch.‘J!heaverageroughnessoftheover-allsurfacewasaboutO.0011
inch.Boththe12.2and8.91finenessratiobodiesweretestedwith
thistypeofroughnesscoveringtheforward84.6percentand100percent
oftherespectivebodies.A photographshowinga magnifiedviewofthis
typeof surfaceis showninfigure3(b).

Thewavysurfacewasachievedby spinninglongitudinalwavesinto
a finenessratio12.2spunmagnesiumalloybodywhichhada basicsur-
facecomparabletothatof a smoothbody. Thewavescovered,theforward
84.6percentofthebodyandhadspeak-to-peaklen@h ofabout0.5inch

(
wave-length-to-body-lengthratioofabout6.8x 10-3)witha peak-to-

(valleydepthofabout0.02inch wave-depth-to-body-len@hratioof
about2.7x 10-4).A photographofthemodelwiththiswavinesscan
be seeninfigure3(c).

A two-stagepropulsionsystemwasemployedforall.modelspresented
herein,withallmodelsutilizinga 3.25MK-7aircraftrocketmotoras
thesustainerunit.Variousboosterrocketmotorswereutilizedto
obtainhighMachnumbers.Allmodelsoffinenessratio12.2reported
hereinuseNACA5-inchrocketmotorsforboosters;whereasthereference .

—.—— —.— --- — --—— —.— ..—— — - ——
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modelswereboostedas indicatedinreference
ratio8.91wereboostedbyNACA~-inchrocket

1. Themodels
motorsanda 6.

offineness
25-inch

ABLDeaconrocketmotor,whereasthemodel(reference2)wasboostedby
a 5-inchHVARmotor.Thebooster-unitswereallfin-stabilizedand
wereattachedtothesustainermotorsbymeansof standardnozzle-plug
typeadapters.A photographofa typicalmodel-boosterarrangementon
thelaunchingstandis showninfigure4.

Datawerereducedforthedeceleratingportionoftheflighttra-
jectoryandatmosphericdatawereobtainedfr6mtheSCR584tracking
radsr(modifiedbyNACA)andby radiosondeobsemations.Velocityand
totaldragwere-obtainedfromtheCWDopplerradarasdescribedin
reference3. Alsobasedragandsidepressurewerereducedforthe
12.2finenessratiomodelsfromdatatelemeteredto a groundreceiving
stationby instrumentationincofioratingtwopressurecells.

l!asepressureforthemodelsof finenessratio12.2wasmeasured
insidetheafterbodybetweentherocketnozzleandtheskinby anopen-
endedtubelocatedas shownin figure5. Theannularareaaroundthe
rocketmotoratthebasewassealedfromtheforwardpartofthebody
topreventinternalairflow. Thebase-dragcoefficientwascomputed
withtheassumptionthatthemeasuredbasepressureactsovertheentire
areaofthebase. Thesidepressurewasmeasuredlyanorificelocated
onthesmoothsurfaceofthetailcaating,45°betweenthefinsandat
the90.75-percentbody-lengthstation.

Theflighttestsofthemodelscovereda rangeofReynoldsnumbers
(basedonbodylength)from15 x 106to75 x 106. Infigure6 the
Reynolds

The
foreach

Thebody

numberencounteredin flightisplottedagainstMachnumber.

errorsintheMachnumber,pressure,anddragcoefficientdata
individualmodelareprobablywithinthevalueslistedbelow:

Error
M

M CDT CDB CP8

1.8 *0.()()5 *0.()()3 *o.@2 50.008
1.4 +0.005 *(j.(x)5 *0.003 *O.O1O
1.1 *0.005 *0.007 *o.c05 *0.020
1.0 *0.005 *O.O1O ko.olo *().()40

coordinatesofthetestmodelswereallwithin0.020ofthe

.

design~aluesandallsurfacesexceptthosewithstatedroughnesseswere
smoothandfair.Allbodiesonwhichitwaspossiblewerehighlypolished
at thetimeof launching.-.

‘ ‘61DENT.&
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RESULTSAND DISCUSSION

Dragresultsforthemodelsoffinenessratio12.2arepresented
infigire7. Bothtotal-dragcoefficientC

%
andbase-dragcoeffi-

cientCDB areshown.

Comparedinfigure7 withthemean-dragcoefficientoffivehighly
polishedmetalbodies(reference1)are: (a)thedragofa modelhaving
roughnessprotrudingfromthesurfaceintheformof @-mesh.sandat
‘saturationdensity,(b)thedragofa modelmadeto simulatea partly
groundaluminumcastingofwhichthesurfacewas60percentsmooth,the
remainderbeingpittedapproximately0,002inchbelowthelevelatwhich
grindingstopped,(c)thedragofa highlypolishedsmoothPhenoplast
finishedmodel,and(d)thedragofa modelhavinglongitudinalwaves
(0.02inchdeepand0.5inchlong). Itwillbe notedfromthefigure
thatneitherthePhenoplastfinish,thepittedsurface,northewavy
surfacehadam appreciableeffectonthetotal-dragcoefficient.The
sandcoatedsurface,however,increasedthetotal-dragcoefficientsub-
stantially,inthiscaseby approximately20percent.Alsopresented
infigure7 arethebase-dragcoefficient:forthesandcoatedmodel
andthewavy-surfacemodelcomparedwiththemean-base-dragcoefficient
of smoothpolishedmodels(reference1). Thesedataindicatethatthe
dragincreaseofthesandcoatedmodelwasnotdueto a changeinbase
drag.Theincreaseintotal-dragcoefficientis inallprobability
dueto-anincreaseofapproximately90percentinviscousdragcoeffi-
cientwhichhasbeenfoundby dragcomponentbreakdowntobe about0.065
forthesmoothbodiesat M = 1.4. ThisgO-percentincrease,of course,
is obtainedby consideringtheunknownamountofpressuredragonthe
sandparticlestobeviscousdrag.Originalestimatesoftheviscous
dragcoefficientby themethodsoutlinedinreferences4,5, and6 inti-
catedan increaseof0.062(approximately100-percentincrease)atMach
number1.6duetoapplying60-meshsandatsaturationdensi~.

Figure8, whichshowsthevariationof side-pressurecoefficient
withMachnumberforthesandcoated-surfaceandthewavy-surfaceCPS .

models,asmeasuredat ~ = 0.9075and45°betweenfins,indicates

thatthesandcoatedsurfacehada lesspositivesidepressureatthe
lowerMachnumbersthanthewavysurface.Althoughthisdifference -
at thelowerMachnumberislargelywithintheaddedaccuracies}there
mayhavebeensomeeffectdueto a differenceinboundary-layerthick-
ness. Thepeaksshownintheside-pressurecoefficientnearMachnumber
1.0areprobablycausedby a shockmovingdownstreamandovertheside
orificeas supersonicspeedsareattained.Comparedwiththepresent
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testdataarevaluesasinterpolatedfromunpublishedsmoothfull-scale
RM-10data,wherethe~ressuresweremeasured45°betweenthefinsand
atthe89.@- and95.22-percentstations.As canbe seen,thepressure
coefficientsforthesandandwavysurfaceshavethesametrendas the
smoothbodywithanyeffectdueto thedifferentsurfacesdiminishing
rapidlywithincreasingMachnumber.

Compsredin figure9 withtotal-dragcoefficientof a modelof
finenessratio8.91(model2,reference2)thatwasfinishedwithclear
lacquerto forma smoothandfairsurfaceare: (a)thedragofa model
madeto%d.mulatea partlygroundaluminumcasting(theenti’rebodysur-
facefinishedsimilarlyto thebodyoffinenessratio1%?.2havingthe
samesurface)and(b)thedragofa smoothhighlypolishedPhenoplast
surface.Thefigureagreeswithresultsfromthebodyoffineness
ratio12.2inthatsomedegreeofroughnessduetopittingcanbe tol-
eratedwithoutbeingdetrimentaltotheover-alldrag. Itwillalso
be notedfromfigure9 thatnotonlyarethedragsofthePhenoplast
finishedmodelandthepittedsurfaceofthesimulatedcastingthesame
asthatofthereferencemodeloverthesupersonicrangebutalsoare
thesameoverthetransonicandsubsonicrange.

CONCLUSIONS
*

Free-flighttestshavebeenconductedonbodiesofparabolicpro-
filehavingvarioustypesof surfaceroughness.Twoconfigurationswere
tested,onehav+nga finenessratioof1.2.2andanothera finenessratio

of8.91. ThetestReynoldsnumbersvariedfrom15 x 106to75x 106.
Withinthelimitsoftheinvestigation,theresultsindicatedthe
following:

1.At veryhighReynoldsnumbersatwhichtheboundarylayersare
naturallyturbulent,somedegreeof.roughnessduetopittingorwaviness
canbe toleratedona supersonicmissilewithoutanappreciableeffect
ontotaldrag.

2. Roughnessprojectingfromthesurfaceofa supersonicmissile
athighReynoldsnumberscancausesubstantialdragincreases.Sand
(60-mesh)coveringtheforward84.6percentof anRM-10testvehicleat
saturationdensityincreasedthesupersonictotal-dragcoefficientby
about20percent(90percentestimatedincreaseinviscousdrag)over
thatofa bodyhavinga smoothsurface.
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3. Thebase’dragmeasuredOrithewavybodyandonthesand-covered
bodywasnotmarkedlydifferentfromthatofthesmoothRM-10research
vehicles.

LangleyAeronauticalLaboratory
NationalAdvisoryCommittee

LangleyField,Va.

, .
. .

forAeronautics
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HalfscaleHM-10,bodyprofileequntlon:
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(a)Bodyof finenessratio12.2.
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E-X Y
Sta o 26.72 60.4S66.81

Y = 3.75Qbax 2.5. +

11.61rad.

*

SectionA-A
(Nottoscale)

=?9=Hodyprofileequation:
0<x<26.72

2
y= 3.75- 0.00S251(26.72- X)

26.72<x<66.81 y= 3.75- 0.001313(26.72- X)2

..-

(b)B@ of finenessratio8.91- “< “ ‘“; “
‘+?;1:

Figure1.-Generalco~igurati.onsoftestmodels.(Dtiensionsarein
inches.).
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(a)Modeloffineness
T

ratioX2.2(smoothPhenoplastsurface).L-6788b.

—
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(b)Model

____— ———-- -

offinenessratio8.91(~oothp~noplasts~f~e).-
.

Figure2.-Generalviewsoftestmodels. L-71983
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=s= MagnificationIX Magnification3X
wL-y2gg0 (a)Surfacecoatedwith60.meshsand. L-72992

——— ..— — ._. _

i
I—_ .— _ J

=s= MagnificationIX Magnification3X

L-72991
T

(b)Simulatedcast~uminumsurface.L-72993
..— —._— ._

\. / —.-d

(c)Wavysurface(obliquelightingto showwaves)..T
L-69687

Figure3.- Photographsshowingthevarioustypesofroughnessutilized
intests.
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Fi&e 4..Typicalmodel-boosterarrangementonlaunchingstand.
Modeloffinenessratio8.91withDeaconbooster.
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Figure5.-%se-pressure-tubelocationforthemodelsof fineness
ratio12.2. (Dimensionsarein inches.)
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Figure 6.- Vari8tionof’Reynolds numberwithMach numberfor the test
and referencemodels. Reynoltinumberbasedon totalbody lergth.
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Figure 9.- Veriationof takl-dr~ coefficientwithhlachnumberfor
modelsof fineneearatio8.91 havingvariouatypesof surfaces.


